Introduction
============

MicroRNAs (miRNAs) provide an important layer of gene regulation by operating at the post-transcriptional stage ([@evw092-B3]; [@evw092-B7], [@evw092-B8]). Although miRNAs were only discovered ∼20 years ago ([@evw092-B25]), advancements in sequencing technologies enabled their extensive identification in various organisms ([@evw092-B24]). These efforts revealed that each of a number of eukaryotic genomes contains hundreds or thousands of miRNA loci ([@evw092-B9]; [@evw092-B5]; [@evw092-B4]; [@evw092-B30]). For animals, many miRNA genes originated from hairpin structures within introns or intergenic regions ([@evw092-B28]; [@evw092-B33]), whereas for plants a substantial number of miRNA genes appear to have been generated from the duplication of pre-existing miRNA genes, inverted duplicates of protein-coding genes, or transposable elements ([@evw092-B2]; [@evw092-B18]; [@evw092-B36]; [@evw092-B34]).

In spite of these observations, little is currently known about the way in which miRNAs are integrated into gene regulatory networks. When the evolution of miRNA-involved networks is considered, it is essential to clarify the number of connections and the degree of connective strength between miRNAs and other network components such as the miRNA target genes. Old miRNAs, which emerged at an earlier stage of evolution, are known to be expressed at higher levels than young miRNAs, which emerged at a later stage ([@evw092-B9]; [@evw092-B28]; [@evw092-B29]; [@evw092-B30]). It therefore seems that old miRNAs are able to suppress their targets more efficiently than young miRNAs so that a connection between a miRNA and its target gene becomes stronger over time. However, how the number of connections between a miRNA and its targets has changed over evolutionary time remains controversial. In the decreasing model proposed by [@evw092-B11], they claimed that although young miRNAs have a large number of target genes at the time of their emergence, most of these miRNA-target pairs are eliminated by long-term natural selection, because these pairs are deleterious. This process results in reduction in the number of targets when miRNAs become older (see also [@evw092-B39]). However, [@evw092-B49] contended that the miRNAs would be quite difficult to be fixed into a population if newly emerged miRNAs have many targets with deleterious effects. [@evw092-B11] also argued that because young miRNAs are normally transcribed very weakly only in a specific tissue (but see also [@evw092-B39] for an opposite conclusion), their effects on fitness could be negligible and the number of connections between young miRNAs and targets can still be large. Yet, if the number of miRNA molecules produced is so small in a cell at first, the young miRNAs binding to their potential targets may be very few in reality. Indeed, [@evw092-B11] did not show any clear-cut evidence to directly support their decreasing model.

To tackle this question, several studies have used bioinformatics predictions and compared the number of target genes for evolutionarily old and young miRNAs ([@evw092-B44]; [@evw092-B39]; [@evw092-B30]; [@evw092-B6]). However, any consistent conclusions have not been obtained so far possibly due to differences in the prediction tools and the data sets used. *In silico* predictions are useful methods of identifying the potential targets of miRNAs, but there are strong limitations: (1) as different prediction tools use different factors in predicting the targets ([@evw092-B8]), the results obtained are often inconsistent; (2) some factors that are not currently considered for target prediction might be essential for the formation of authentic pairs *in vivo*, resulting in the generation of false positives as well as false negatives; (3) even if a mRNA is predicted as a target of a specific miRNA *in silico*, they cannot form an authentic pair when they are not coexpressed *in vivo*; and (4) it is almost impossible for *in silico* methods to assess the effects of miRNAs on downstream indirect targets (or network components) in the regulatory networks. For these reasons, it is fundamental to combine experimental approaches with bioinformatics predictions to compensate for deficiencies of each method and reliably investigate the evolutionary transitions in the number of target genes for miRNAs.

In this context, *Drosophila* is a useful model system for studying the evolution of miRNA-target pairs, because the origin of each miRNA has already been clarified ([@evw092-B28]; [@evw092-B10]; [@evw092-B33]). In addition, dozens of genome sequences from various species with different genetic divergence are already available ([@evw092-B1]; [@evw092-B38]; [@evw092-B13]; [@evw092-B51]), and a number of tools for genome editing or transgenic experiments have been established ([@evw092-B14]; [@evw092-B19]). Here, we first combined *in vivo* experiments with several *in silico* predictions to investigate the target gene repertoires of three *Drosophila* miRNAs (miR277, miR982, and miR954) with different ages. We then further examined the relationship between the age and the number of target genes of all miRNAs in *D. melanogaster* using several bioinformatics predictions with the consideration of an *in vivo* situation by testing the co-expression of miRNAs and mRNAs. We finally analyzed the large-scale human data in which target genes of miRNAs were experimentally identified. We here report that all results do not support the decreasing model of miRNA-target pairs but are reasonably well consistent with the increasing model in which each miRNA is integrated into the gene regulatory network by increasing the number of target genes during evolution.

Materials and Methods
=====================

Constructs for Overexpression of miRNAs
---------------------------------------

The *pUAST-DsRed2-miRNA* constructs for miR982 and miR954 were obtained from the *Drosophila* RNAi Screening Center (<http://www.flyrnai.org/>, last accessed May 3, 2016). The sequences of the miRNAs and their flanking regions in the constructs were confirmed by sequencing using an ABI3730xl sequencer (Life Technologies, Carlsbad, CA) with the following primers: forward, AGCGCAGCTGAACAAGCTA, and reverse, TGTCCAATTATGTCACACCACA.

Flies
-----

The transgenic *D. melanogaster* flies with the *pUAST-DsRed2-miRNA* constructs for miR982 and miR954 were generated in the *w*^1118^ background. The transgenic lines with balancer chromosomes were generated by BestGene Inc. (Chino Hills, CA). The transgenic line containing the miR277 construct (*UAS-DsRed2-miR277*) was obtained from the Cohen group ([@evw092-B47]). To generate flies overexpressing miR277, miR982, or miR954, we crossed virgin females of each of the lines with *Tub-Gal4/TM6C,Sb,Tb* males. Overexpression of each miRNA in the offspring was confirmed by detection of DsRed2 under a fluorescence microscope as well as qPCR. As a control, *w*^1118^ females were crossed with the *Tub-Gal4/TM6C,Sb,Tb* males.

RNA Extraction
--------------

Total RNA was extracted from five female or male control flies (*w^1118^/Tub-GAL4*) or flies overexpressing one of the miRNAs (*UAS-DsRed2-miRNA/Tub-GAL4*) using a standard acid phenol--guanidinium thiocyanate--chloroform extraction method ([@evw092-B41]) with slight modifications. Samples were collected from third instar larvae (before wandering), pupae (48--60 h after pupation), and adults (72--96 h after eclosion). The total RNA was treated with DNase I (TaKaRa, Ohtsu, Japan) to digest genomic DNA, and then mRNA was purified from the samples using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswich, MA). To determine the expression levels of miRNAs in other species, small RNAs were extracted from five female or male *D. simulans* and *D. yakuba* using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Samples were collected from third instar larvae (before wandering), pupae (48--60 h after pupation), and adults (72--96 h after eclosion).

RNA-seq
-------

The cDNA libraries were generated from the mRNA samples using the NEBNext mRNA Library Prep Master Mix Set for Illumina (NEB). Single-end sequencing of 100 bp was performed by TaKaRa with a HiSeq 2000 sequencer (Illumina, San Diego, CA). The sequencing data were processed following the method described by [@evw092-B32]. To account for variance within a condition, two biological replicates were performed for each condition, starting from different individuals. [Supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online, provides detailed information for each mRNA sequencing (mRNA-seq) run. The Ion Total RNA-seq Kit v2 (Life Technologies) was used to generate small RNA libraries, and the Ion PGM system (Life Technologies) was used for sequencing with Ion 318 Chip v2 ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online).

Identification of Target Genes for Each miRNA
---------------------------------------------

To examine the expression levels of all transcripts, all reads obtained from a sample ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online) were mapped to the transcriptome of *D. melanogaster* \[dmel-all-transcript-r5.48.fasta from FlyBase (<http://flybase.org/>, last accessed on May 3, 2016)\] following the procedure described by [@evw092-B32]. Next, transcripts that were differentially expressed (DETs) in the lines overexpressing a miRNA compared with the control line were identified using the tag count comparison method ([@evw092-B46]). If the false discovery rate (or *q* value; under the null hypothesis that the expression level of a transcript was equal between the conditions) was \<1%, the transcript was regarded as a DET. To narrow down the candidates and identify the reliable target transcripts for the miRNA, the following criteria were used: (1) at least one target site in the transcript predicted by miRanda ([@evw092-B16]), PITA ([@evw092-B23]), or TargetScan ([@evw092-B40]) (see [table 1](#evw092-T1){ref-type="table"}, [supplementary tables S3 and S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online, respectively, for detailed settings) and (2) min(*N*^Cont^)/max(*N*^OX^) ≥ 2, where *N*^Cont^ is the normalized expression of the transcript in the control line based on the tag count comparison method, *N*^OX^ is the normalized expression of the transcript in one of the overexpression lines, min is the minimum value of the two biological replicates, and max is the maximum value of the replicates. We regarded a gene as a target if at least one of its transcripts was a DET containing at least one miRNA binding site. We also counted the number of DEGs by merging the DETs derived from a single gene. Table 1The Numbers of Target Genes of miR277, miR982, and miR954 in *D. melanogaster*miRNANumber of Target GenesLarvaPupaAdultStage-specific[^a^](#evw092-TF2){ref-type="table-fn"}TotalmiR277    Female583559194    Male557538117139    Sex-specific[^b^](#evw092-TF3){ref-type="table-fn"}575837108[^c^](#evw092-TF4){ref-type="table-fn"}115    Total858440147174miR982    Female31523436    Male222173940    Sex-specific177153434    Total357175155miR954    Female3771717    Male5391717    Sex-specific610142828    Total710153031[^2][^3][^4][^5]

To determine whether the orthologs of target genes for a miRNA identified in *D. melanogaster* are also targets in other *Drosophila* species, transcript sequences were downloaded for the following species: *D. simulans* (dsim-all-transcript-r1.4.fasta), *D. sechellia* (dsec-all-transcript-r1.3.fasta), *D. yakuba* (dyak-all-transcript-r1.3.fasta), *D. erecta* (dere-all-transcript-r1.3.fasta), *D. ananassae* (dana-all-transcript-r1.3.fasta), *D. pseudoobscura* (dpse-all-transcript-r3.2.fasta), *D. persimilis* (dper-all-transcript-r1.3.fasta), *D. willistoni* (dwil-all-transcript-r1.3.fasta), *D. mojavensis* (dmoj-all-transcript-r1.3.fasta), *D. virilis* (dvir-all-transcript-r1.2.fasta), and *D. grimshawi* (dgri-all-transcript-r1.3.fasta). Most of the transcript sequences in these species only contained CDSs without UTRs; therefore, a gene consisting of a CDS and its 5′ and 3′ flanking sequences from each of the *Drosophila* species examined was aligned with the orthologous transcripts in *D. melanogaster*. We regarded an aligned region as putative transcript sequences in other species. Finally, we searched for miRNA binding sites in these putative transcripts using miRanda software with the default settings; if at least one miRNA binding site was detected in a transcript from another species, the transcript (or gene) in the species was regarded as a miRNA target.

qPCR
----

To examine the level of upregulation of a miRNA in overexpression flies compared with control flies, we conducted qPCR experiments. Each of the three miRNAs in the total RNA extracted with the miRNeasy Mini Kit was reverse-transcribed using TaqMan MicroRNA Reverse Transcription Kit (Life Technologies). qPCR was then conducted with the Chromo4 thermal cycler (Bio-Rad, Hercules, CA) using TaqMan Universal PCR Master Mix (Life Technologies). To examine the expression level of a control gene, *robl*, that has often been used as an internal control in the comparative threshold cycle method ([@evw092-B42]), PrimeScript RT reagent Kit (TaKaRa) and SYBR Premix Ex Taq (TaKaRa) were used for reverse transcription and qPCR, respectively. We made two biological replicates for each sample. In each replicate, three technical replicates were made for qPCR.

Estimation of Target Genes in Ancestors
---------------------------------------

Based on the target genes of the miRNA identified in other species, the gains and losses of miRNA-target pairs during *Drosophila* evolution were estimated using the parsimony principle. For example, if an orthologous gene existed in all 12 *Drosophila* species, but contained target sites of the miRNA only in *D. melanogaster*, *D. sechellia*, and *D. yakuba*, we concluded that the orthologous gene existed before the divergence of the 12 *Drosophila* species, became the target of the miRNA in the lineage after splitting from *D. ananassae*, and returned to a non-target status in the lineages ancestral to *D. simulans* after splitting from *D. sechellia* and to *D. erecta* after splitting from *D. yakuba*. Here, note that independent emergences of the miRNA-target pairs in the *D. melanogaster*, *D. sechellia*, and *D. yakuba* lineages are equally parsimonious (i.e., three events). However, independent emergences (gains) are less likely than independent losses, because a loss of pairing can occur through any mutation whereas a gain of pairing would require a specific mutation. In addition, note that with the exception of *D. melanogaster*, we were unable to experimentally verify the miRNA target genes in any of the other species. Therefore, the losses of target genes in the lineages leading to *D. melanogaster* and the gains of target genes in other lineages were unable to be identified.

The gain rate of miRNA targets on each branch was estimated by dividing the number of gains of miRNA targets by the evolutionary time of the branch (Myr). For example, the number of miRNA targets newly generated on the branch 3 is 10 and the evolutionary time of the branch 3 is 62.2--54.9 = 7.3 Myr ([fig. 1*A*](#evw092-F1){ref-type="fig"}). Therefore, the gain rate of miRNA targets on the branch 3 is 10/7.3 = 1.4 per Myr. F[ig]{.smallcaps}. 1.---Gains and losses of miR277 target genes during *Drosophila* evolution. (A) Evolutionary changes in the number of miR277 target genes under the parsimony principle. The blue boxes show the numbers of orthologs of the genes identified as direct targets of miR277 in *D. melanogaster*. The red boxes show the numbers of orthologs with miR277 target sites at each node. The numbers along each branch indicate the gains (+) and losses (−) of these orthologs during evolution. The arrow indicates the origin of miR277. (B) The rate of gain of miR277 targets in each branch leading to *D. melanogaster*. The numbers on the *x* axis correspond to those shown on the branches in (A). Myr, million years. (C) The number of losses of miR277 target genes in each branch leading to *D. melanogaster* at which they were generated \[branches 1--6 in (A)\]. The expected numbers based on random losses were also computed (see Materials and Methods for detailed procedures).

The number of losses of target genes under random loss was computed in the following way. As an example, let us focus on the branch leading to *D. willistoni* in [fig. 1*A*](#evw092-F1){ref-type="fig"}. Here, the number of target gene losses is 30. These losses are classified into groups based on the timings when the gene became targets of the miRNA. If these losses occurred randomly, the number of losses in each group is expected to be proportional to the number of gains in each group. Therefore, the expected number of losses in group 1 becomes 27 (=30 × 100/111) whereas the number in group 2 is three (=30 × 11/111). In other words, 27 and three targets that originated in branches 1 and 2, respectively, are expected to be lost in the *D. willistoni* lineage under random loss. Similarly, the expected numbers under random loss can be estimated for all other branches. The numbers in each of the branches are then summed up for each group. Finally, a χ^2^ test is conducted by comparing these expected numbers computed above and the observed number of losses in each group to calculate a statistical significance.

Results
=======

An Old miRNA Has a Larger Number of Targets Than a Young miRNA
--------------------------------------------------------------

First, we examined the expression levels and breadths of two groups of miRNAs in *D. melanogaster* (see [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online, for data sets used). One group was named "old," because the miRNA genes in this group were generated before *Drosophila* radiation. The remaining group was referred to as "young," because the miRNA genes included in this group emerged after the *Drosophila* radiation in the lineage to *D. melanogaster*. Consistent with the results of previous studies ([@evw092-B9]; [@evw092-B28]; [@evw092-B29]; [@evw092-B30]), old miRNAs were expressed in a larger number of tissues at significantly higher levels of expression than young miRNAs ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online), indicating that the strength of connections between miRNAs and their targets in a gene regulatory network becomes stronger with time. In other words, old miRNAs are likely to suppress their targets more efficiently than young miRNAs.

Next, we focused on three miRNAs with different ages after origination, namely, miR277, miR982, and miR954. Whereas miR277 was generated before the divergence of *Drosophila* species, miR982 originated in the lineage after splitting from *D. ananassae* ([supplementary fig. S2 and table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). By contrast, miR954 expression was detected only in *D. melanogaster*, suggesting that it was generated (or at least has become expressed) in the lineage after the divergence from *D. simulans* and *D. sechellia*. To identify the target genes of these three miRNAs, we conducted mRNA-seq and compared the expression levels of protein-coding genes between the control *D. melanogaster* flies and the transgenic flies constitutively overexpressing one of the miRNAs ([supplementary fig. S3 and table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). Genes that were down-regulated in the flies overexpressing a miRNA and that had at least one target (or binding) site of the miRNA predicted by miRanda ([@evw092-B16]) were regarded as authentic targets (see Materials and Methods for more details). Because miRNA-target pairs can be stage- and/or sex-specific, mRNA-seq was performed in males and females at the larval, pupal, and adult stages separately. As a result, 174, 55, and 31 target genes were identified for miR277, miR982, and miR954, respectively ([table 1](#evw092-T1){ref-type="table"}). Many of these target genes were sex- as well as developmental stage-specific, particularly those of miR954 \[90% (=28/31) vs. 62% (=108/174) for miR277 and 62% (=34/55) for miR982\]. Mapping the number of target genes onto the *Drosophila* phylogeny revealed that miR277, the oldest miRNA examined, had the largest number of target genes, whereas miR954, the youngest miRNA examined, had the smallest number of targets ([fig. 2](#evw092-F2){ref-type="fig"}). The trends remained the same when different tools such as PITA ([@evw092-B23]) and TargetScan ([@evw092-B40]) were applied for target prediction with the same mRNA-seq data set ([supplementary tables S3 and S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), respectively, [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). These results are inconsistent with the decreasing model but support the increasing model of miRNA-target pairs, in which the number of target genes of a miRNA increases over time. F[ig]{.smallcaps}. 2.---The *Drosophila* phylogeny showing the relationships between the ages of the three miRNAs examined and the numbers of targets and of other differentially expressed genes (DEGs). The arrows indicate the branches in which the miRNA genes were generated. The time scale is based on [@evw092-B48]. Ma, million years ago.

A similar trend was also observed between the age of the miRNA and the number of other differentially expressed genes (DEGs) that did not contain a target site of the miRNA ([fig. 2](#evw092-F2){ref-type="fig"}). More than 1,400 genes were differentially expressed due to overexpression of miR277, whereas only 308 genes were differentially expressed following overexpression of miR954. Because miR277 is older than miR954, these observations are also consistent with the increasing model of miRNA-target pairs in which old miRNAs have larger numbers of indirect targets and affect the expression levels of more genes in the network than young miRNAs. However, note that there was no clear trend between the age of the miRNA and the number of indirect targets per direct target \[8.3 (=1,445/174) for miR277; 13.6 (=747/55) for miR982; and 9.9 (=308/31) for miR954\]. This result implies that old miRNAs do not necessarily regulate the upstream genes in a cascade or a regulatory circuit, but may be involved in a greater number of cascades than young miRNAs.

We also examined the functional categories of the target genes based on gene ontology using GOrilla software ([@evw092-B15]). We did not find any enrichment for the functions of the target genes of miR982 and miR954 probably due to the small numbers of target genes. On the other hand, we found that the target genes of miR277 were often associated with acid metabolism ([supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online), being consistent with a previous experimental study of miR277 target genes ([@evw092-B17]). This consistency of our results with the previous study indicates that our approach is reliable to capture the authentic miRNA targets.

MiRNA-Target Pairs Have Been Frequently Turned over During Evolution
--------------------------------------------------------------------

To get insights into the turnover of miRNA-target pairs during evolution, we next examined whether the target genes of miR277 identified in *D. melanogaster* are also targets of this miRNA in other *Drosophila* species by using the miRanda software. Based on a trait-based reconstruction of ancestral status under a parsimony framework with the assumption of a single origin of each miRNA-target pair (see Materials and Methods for details), we found that 132 (76%) orthologs of the 174 miR277 target genes identified in *D. melanogaster* were present in the ancestor of the 12 *Drosophila* species ([fig. 1*A*](#evw092-F1){ref-type="fig"}); however, only 100 (76%) of these 132 orthologs possessed miR277 target sites. It follows that only 57% (=100/174) of the genes identified as targets of miR277 in *D. melanogaster* were also targets in the ancestor of the *Drosophila* species, and the remaining 43% (=74/174) must have been added to the target repertoire of miR277 during the last 63 Myr of the lineage leading to *D. melanogaster* (branches 2--7 in [fig. 1*A*](#evw092-F1){ref-type="fig"}). Moreover, the conservation of targets between *D. melanogaster* and other *Drosophila* species was even lower for miR982. For miR277, 59% (=103/174) of the targets were shared between *D. melanogaster* and *D. yakuba*, whereas only 22% (=12/55) of the miR982 targets were shared between these species ([supplementary fig. S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online).

The observations described above suggest that although each miRNA frequently gains new target genes during evolution, the gain rate of target genes decreases with time. To further examine this hypothesis, we investigated the patterns of gain and loss of miR277-target pairs during *Drosophila* evolution. We found that the gain rate of new targets became slower after the origination of miR277 ([fig. 1*B*](#evw092-F1){ref-type="fig"}), supporting the idea that the gain rate of target genes decreases with time and the number of target genes of a given miRNA eventually reaches a plateau. The gain rate was higher at the latest lineage of evolution (compare the branch 7 with branches 3--6 in [fig. 1*B*](#evw092-F1){ref-type="fig"}) apparently due to the inclusion of polymorphic (or strain-specific) targets. In other words, it is possible that many of these targets may not be the targets of miR277 in other strains of *D. melanogaster* (i.e., fortuitous miRNA-target pairs that are not fixed into a population), although this argument may be too speculative.

To examine the pattern of losses of target genes, we next classified all losses of miR277-target pairs into groups based on the times at which they were established (see branches 1--6 in [fig. 1*A*](#evw092-F1){ref-type="fig"}). If the losses occurred randomly without any bias irrespective of the ages of miRNA-target pairs, the number of lost pairs in each group should have been proportional to the number of gains at each branch (see Materials and Methods for details). Compared with the expectation based on random loss (black bars in [fig. 1*C*](#evw092-F1){ref-type="fig"}), however, the miRNA-target pairs established before the *Drosophila* radiation were less likely to be lost (gray bars in [fig. 1*C*](#evw092-F1){ref-type="fig"}), although the statistical significance of this difference was marginal (*P* = 0.048 by a χ^2^ test). This result suggests that old miRNA-target pairs are more important than young miRNA-target pairs. This interpretation is also consistent with the finding that the older miR277 showed a higher proportion of conserved targets between species (e.g., *D. melanogaster* and *D. yakuba*) than the younger miR982.

It should be mentioned that our parsimony approach may be potentially biased toward the systematic increase in the number of miRNA-target pairs over time ([@evw092-B45]). Therefore, we cannot evaluate whether the decreasing or increasing model is more appropriate based on this analysis. Nevertheless, the parsimony approach tends to underestimate the ancestral numbers of target genes and overestimate the number of gains of target genes on descendent branches, which makes our analysis conservative to support our hypothesis that the gain rate of target genes decreases with time. In relation to this argument, we used a trait-based reconstruction of ancestral binding status of miRNA-target pairs, although a nucleotide-based reconstruction of ancestral sequences to estimate ancestral status is likely to be more reliable ([@evw092-B45]). Indeed, we also tried the nucleotide-based reconstruction. However, we decided not to use this approach, because sequence alignment of each of orthologs in 12 *Drosophil*a species was unreliable in the predicted UTRs, which consequently made the estimation of ancestral sequences also untrustworthy (see Materials and Methods for details).

Conserved Targets Have a Larger Number of miRNA Binding Sites in Their 3′-UTRs, Evolving at a Slower Rate Than D. melanogaster-Specific Targets
-----------------------------------------------------------------------------------------------------------------------------------------------

The analyses described above revealed that some genes have been targets of miR277 throughout *Drosophila* evolution whereas others are targets only in *D. melanogaster*. (Note that the conserved targets among 12 *Drosophila* species and the *D. melanogaster*-specific targets must be robust even if the nucleotide-based reconstruction method was able to be applied.) Therefore, we examined whether there are any discriminating features between the two groups of targets. Our analyses revealed that the miR277 target genes that were conserved in all 12 *Drosophila* species have on an average a greater number of miR277 binding sites than the *D. melanogaster*-specific targets ([fig. 3*A*](#evw092-F3){ref-type="fig"}). Consistent with this finding, the conserved targets tended to be regulated by miR277 at multiple developmental stages in both sexes, whereas many of the *D. melanogaster*-specific targets were regulated at a particular stage of development in only one of the sexes ([fig. 3*B*](#evw092-F3){ref-type="fig"}). Furthermore, the conserved target genes had a higher frequency of miR277 binding sites in their 3′-UTRs than the *D. melanogaster*-specific targets (70% and 36%, respectively) ([fig. 3*C*](#evw092-F3){ref-type="fig"}). Therefore, although there is increasing evidence that protein-coding sequences (CDSs) as well as 5′-UTRs can also become target sites of miRNAs ([@evw092-B50]; [@evw092-B31]; [@evw092-B43]; [@evw092-B20]; [@evw092-B37]), 3′-UTRs may have a greater potential to maintain target sites than CDSs and 5′-UTRs consistent with the current idea that animal conserved miRNAs normally bind to 3′-UTRs of target mRNAs ([@evw092-B8]). In addition, it should be mentioned that the increasing model of miRNA-target pairs remained supported even if we focused on 3′-UTRs for miRNA targeting (see [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), where only 3′-UTRs were considered as potential target sites with the usage of TargetScan, [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). F[ig]{.smallcaps}. 3.---Characteristics of target genes regulated by miR277 that are specific to *D. melanogaster* (Spe) or conserved in all 12 species (Con). (A) The average numbers of miR277 binding sites per target gene. (B) The average number of developmental stages/sexes in which each target gene was regulated by miR277. Note that the maximum number is six because RNA-seq was performed using male and female flies at the larval, pupal, and adult stages. (C) The locations of the miR277 binding sites in the target transcripts. (D) The evolutionary rates of the miR277 target genes. The modified Nei--Gojobori method ([@evw092-B53]) with a transition-transversion ratio of 2 was used to estimate the synonymous distance (*d*~S~), non-synonymous distance (*d*~N~), and *d*~N~/*d*~S~ ratio. The numbers of genes analyzed are shown in parentheses. The error bars indicate 95% confidence intervals based on the 1,000 bootstrap resampling. A Monte Carlo simulation with 1,000 replications was used to determine statistical significance. The data shown in (A--C) are based on *D. melanogaster*, and the data shown in (D) are based on the comparison of *D. melanogaster* and *D. yakuba*.

A difference in the evolutionary rates of the CDSs between the conserved and non-conserved miR277 targets was also observed. The non-synonymous distance (*d*~N~) as well as the ratio of non-synonymous to synonymous distances (*d*~N~/*d*~S~) were significantly lower for the conserved targets than the *D. melanogaster*-specific targets, whereas the difference in the synonymous distances (*d*~S~) between these two targets was not significant ([fig. 3*D*](#evw092-F3){ref-type="fig"}). These observations suggest that genes under stronger functional constraints at the protein level are also regulated at the mRNA level in a more stringent manner. Hence, these genes may have been consistently regulated by miR277 for fine-tuning of gene expression during long-term evolution.

Other Drosophila miRNAs Also Do Not Support the Decreasing Model
----------------------------------------------------------------

The analyses above do not support the decreasing model. However, drawing conclusions based on only three miRNAs might be unreliable, although we chose these miRNAs just based on the availability of flies and vectors without any intention. Therefore, it is important to analyze a greater number of miRNAs and see whether the observations obtained above are robust. As it was impractical to apply the above procedures to all *Drosophila* miRNAs, we designed the following approach. First, bioinformatics prediction was applied to identify the candidate targets for each of all miRNAs in *D. melanogaster*. Second, using the available data of small RNA-seq and mRNA-seq ([supplementary table S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online), we examined whether the candidate miRNA-target pairs identified *in silico* were co-expressed *in vivo*. If a pair was not co-expressed in any of the tissues examined, we removed the pair from the list as a false positive. In this way, we inferred the *in vivo* conditions of miRNAs and mRNAs, to some extent, from the data analysis. As mentioned above, we classified all miRNA genes into "old" and "young" miRNAs depending on the timings when the miRNA genes were generated.

As a result, we found that miRanda and PITA give a weak trend that old miRNAs have greater numbers of target genes than young one. Although the result obtained by TargetScan was slightly different from those by miRanda and PITA ([fig. 4](#evw092-F4){ref-type="fig"}), even in this case the decreasing model was not statistically supported. Note that in reality the probability of making pairs with mRNAs *in vivo* would be even higher for old miRNAs than young miRNAs, because the expression level of old miRNAs is much higher than young ones ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). Indeed, the difference in the number of target genes for old and young miRNAs became greater when a more stringent threshold of miRNA expression was applied ([fig. 4](#evw092-F4){ref-type="fig"}). In particular, old miRNAs showed a significantly larger number of target genes than young miRNAs in the PITA prediction. F[ig]{.smallcaps}. 4.---The numbers of target genes for each of the old and young miRNAs in *Drosophila melanogaster*. miRanda ([@evw092-B16]), PITA ([@evw092-B23]), and TargetScan ([@evw092-B40]) were used for predicting miRNA targets. Only co-expressed miRNAs and mRNAs were considered to infer *in vivo* conditions of miRNA-target pairs. Two different thresholds (reads per million mapped reads or RPM ≥ 1 and 100) were used to determine whether a miRNA is expressed, whereas reads per kilobase of exon per million mapped reads (RPKM) ≥ 1 was adopted for mRNA expression. Black and white rectangles indicate the number of target genes for old and young miRNAs, respectively, and the numbers in parentheses indicate the number of miRNA genes in each group. Here, old and young miRNAs are the miRNAs generated before and after the *Drosophila* radiation, respectively. The lines in the boxes represent the median; 50% of the values are included in the boxes, and 80% of the values are included within the bars. Statistical significance was based on Monte Carlo simulation with 1,000 replications. NS, not significant (*P* \> 0.05); \>, *P* \< 0.05. A max score of ≥ 160 in miRanda (instead of the default settings in [table 1](#evw092-T1){ref-type="table"}) and a target score of ≤ −15 (in addition to the criteria in [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online) in PITA was used to predict target genes. In TargetScan, only 8mer-1a (perfect Watson--Crick base pairing of 2--8 nucleotide positions in the seed region with target sites as well as A in the 1st position of the mature region) and 7mer-m8 (perfect Watson-Crick base pairing of 2--8 nucleotide positions in the seed region with target sites) were considered as predicted target sites (in addition to the criteria in [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online).

Data in Other Organisms Again Do Not Support the Decreasing Model
-----------------------------------------------------------------

To examine the evolutionary transition of miRNA-target pairs in different organisms, we analyzed human miRNA-target pairs based on cross-linking immunoprecipitation sequencing (CLIP-seq) data that have been deposited in the starBase v2.0 database ([@evw092-B27]). The CLIP-seq data were generated by immuno-precipitating RNA-induced silencing complexes using an anti-Argonaute antibody and by then sequencing the miRNA and mRNA fractions derived from the samples. After sequencing, bioinformatics tools were used to predict miRNA--mRNA pairs. Our analyses showed that old miRNAs generated before the divergence from platypuses have a larger number of target genes than young miRNAs emerged after splitting from elephants and armadillos, although the absolute numbers of target genes varied depending on the prediction software used ([fig. 5](#evw092-F5){ref-type="fig"}). The result based on TargetScan was again a bit different from those based on miRanda and PITA, but even in this case the decreasing model was not supported. It should be mentioned that [@evw092-B29] also reported a greater number of target genes for older miRNAs than that for younger miRNAs in *Arabidopsis* in which miRNA-target pairs were determined by degradome sequencing. These results are consistently incompatible with the decreasing model and raise the possibility that the increasing model of miRNA-target pairs is applicable to many organisms. F[ig]{.smallcaps}. 5.---The numbers of miRNA target genes in humans identified using CLIP-seq data ([@evw092-B12]) with miRanda ([@evw092-B16]), PITA ([@evw092-B23]), and TargetScan ([@evw092-B40]). The numbers in parentheses indicate the number of miRNA genes in each group. The lines in the boxes represent the median; 50% of the values are included in the boxes, and 80% of the values are included within the bars. Statistical significance was based on Monte Carlo simulation with 1,000 replications. NS, not significant (*P* \> 0.05); \>, *P* \< 0.05. The miRNA genes were classified into three groups depending on their ages ([@evw092-B22]): Old, miRNA genes generated before the divergence from platypuses; Middle, miRNA genes generated after the divergence from platypuses but before the divergence from Atlantogenata (e.g., elephants and armadillos); Young, miRNA genes generated after the divergence from Atlantogenata. The information of miRNA-target pairs based on the CLIP-seq data with predictions by several tools was retrieved from starBase v2.0 ([@evw092-B27]).

Discussion
==========

In this study, we investigated the evolution of miRNA-target pairs, with a special focus on the number of target genes of each miRNA. In the analyses of three miRNAs (miR277, miR982, and miR954) in *D. melanogaster*, the number of target genes was positively correlated with the age of the miRNA; the oldest miRNA examined (miR277) had the largest number of targets, and the youngest miRNA (miR954) had the smallest number of targets. The number of predicted targets co-expressed with a miRNA also showed a weak but similar tendency in other miRNAs of *D. melanogaster*. Moreover, the same trend was observed weakly in humans and strongly in *Arabidopsis*. Therefore, the results collectively do not support the decreasing model but may be consistent with the increasing model of miRNA-target pairs. We also found that the turnover of miRNA-target pairs is high during evolution, but old miRNA-target pairs tend to be maintained with a certain extent. Indeed, the older miR277 showed a higher proportion of shared target genes between *D. melanogaster* and *D. yakuba* than the younger miR982. A subsequent analysis of miR277 target genes demonstrated that those that are conserved among species tend to have multiple target sites in their 3′-UTRs and evolve at a slower rate than lineage-specific targets.

Based on the findings presented here, we tentatively propose a possible model for the evolution of miRNA-target pairs ([fig. 6](#evw092-F6){ref-type="fig"}). In this model, a new miRNA has a small number of targets, most of which are effectively neutral, and only a small proportion of the target genes are beneficial and provide biological functions to the organism. The miRNA quickly loses most of its neutral targets due to random mutation in the targets (or the miRNA with less frequency) as well as subsequent genetic drift. (Many young miRNA genes themselves would also disappear quickly if they do not find any targets that are biologically meaningful.) By contrast, a few miRNA-target pairs with functional importance are maintained under purifying selection. During this period, the expression level and/or breadth of the miRNA may increase to enable efficient suppression of its important targets. At the same time, the miRNA may also acquire new targets because the chances of forming pairs with mRNAs become higher as the expression level/breadth of the miRNA increases. Most of these new miRNA-target pairs are again effectively neutral and break down, but a few may become functional pairs. If this process continues, the number of conserved target genes with functional importance would increase over time, whereas most of the neutral pairs would be constantly turned over. Consequently, the number of target genes of the miRNA is expected to increase and eventually reach a plateau. In this way, each miRNA is integrated gradually into the regulatory network of the organism by increasing the number of connections during long-term evolution. It should be noted that, in this model, we do not consider deleterious miRNA-target pairs because if an emerging miRNA has a deleterious target, the miRNA is unlikely to be fixed into a population. In addition, if a miRNA that is already fixed into a population acquires a deleterious target in an individual, the individual with the deleterious pair would have a lower fitness and be eliminated from the population. In this way, the deleterious miRNA-target pairs would not contribute to long-term evolution. However, slightly deleterious pairs could be fixed if the population size is small ([@evw092-B35]). Therefore, it would be interesting to examine the number of target genes for miRNAs in a species with a small population size, such as *D. sechellia* ([@evw092-B26]). F[ig]{.smallcaps}. 6.---A possible model for the evolution of miRNA-target pairs. Most of the miRNA-target pairs that are fixed in a population are effectively neutral at the initial stage. Deleterious pairs are not considered because they would not be fixed in a population and would not contribute to long-term evolution. Most of the neutral pairs are removed by random mutations and genetic drift. Only a small number of pairs that acquire solid functions are maintained under purifying selection. During this process, the expression level and breadth of the miRNA can be increased to enable fine-tuning and more efficient suppression of their functional targets. Therefore, the miRNA may find new mRNAs as targets, most of which are again effectively neutral and turned over quickly. In this way, the number of targets of the miRNA increases over time and eventually reaches a plateau. In addition, the proportion of functional targets under purifying selection also increases over time.

Although *in silico* analysis may predict large numbers of targets of young miRNAs, binding of these miRNAs to the predicted target sites may not occur *in vivo* due to low expression levels or restricted tissue distribution of the miRNAs. Indeed, we found a weak but general trend that the number of target genes for young miRNAs tended to be smaller than that for old miRNAs when co-expression of miRNAs and mRNAs was taken into account. In addition, note that the expression levels of the majority of the predicted target genes using an *in silico* approach (miRanda, PITA, or TargetScan) were not affected significantly by overexpression of the miRNA *in vivo* ([supplementary table S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). It is possible that some authentic targets were not detected as DEGs because they are regulated via miRNA-mediated translational repression rather than mRNA degradation. However, this large discrepancy between the predicted targets and the DEGs is quite unlikely if the prediction tools reflect the situation *in vivo*. In addition, it has been reported that many animal miRNAs induce the degradation of their target mRNAs in addition to translational repression ([@evw092-B21]). Of course, bioinformatics predictions are useful to understand the regulatory capacity of miRNAs and narrow down the candidate targets for screening via experimental approaches, but a blind use of prediction tools may lead to inaccurate conclusions ([@evw092-B52]).

The decreasing model of miRNA-target pairs was originally proposed by [@evw092-B11] and later supported by [@evw092-B39]. Note that [@evw092-B39] mainly used mouse data to support the decreasing model, whereas we have mainly focused on *Drosophila* and humans. Therefore, it is possible that evolutionary patterns of miRNA-target pairs are considerably different among species. Yet, if we consider that humans and mice are both mammals and share a long ancestry, this possibility is quite unlikely. It should also be noted that in the study by [@evw092-B39] a negative correlation between the age of miRNAs and the number of their targets was not statistically significant and their data sets of miRNA-target pairs were not really experimentally identified. Therefore, our data sets are likely to be more reliable to study the evolutionary transitions of miRNA-target pairs, although further studies with larger data sets in a wider range of organisms are apparently necessary.

The mutant flies generated in this study overexpressed the particular exogenous miRNA constitutively in all tissues at all developmental stages; however, it is unlikely that all tissues spontaneously express the endogenous miRNA. Therefore, a certain fraction of the target genes identified in this study are likely false positives. However, young miRNAs are generally expressed in restricted tissues at low levels; hence, the difference in the expression level between the wild-type and transgenic flies would be greater for young miRNAs than old miRNAs. Consequently, the number of false positives would be expected to be greater for younger miRNAs than older miRNAs. Indeed, our quantitative PCR (qPCR) experiments clearly showed that the fold change in gene expression of a miRNA due to the overexpression was much more conspicuous for the younger miR982 and miR954 than the older miR277 ([supplementary fig. S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). In addition, the absolute difference in the expression level between transgenic and the wild-type flies was also mostly greater for the younger miR982 and miR954 than the older miR277 ([supplementary table S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) online). With this approach, we are therefore conservative to conclude the possibility of the increasing model of miRNA-target pairs. In relation to this argument, it should be noted that the experimental design used to identify target genes of miRNAs here is somewhat analogous to bioinformatics predictions because constitutive overexpression of a miRNA theoretically enables to identify all mRNAs that have sequence complementarity to the miRNA. Despite this fact, the number of target genes was still smaller for the young miR954 than the old miR277. This observation is unlikely if only the expression level and tissue distribution of a miRNA determine the number of target genes. Therefore, other factors may also affect the formation of miRNA-target pairs *in vivo*, and further studies are required to clarify this point.

In summary, the decreasing model of miRNA-target pairs must be reconsidered based on the combination of experimental and bioinformatics approaches. We tentatively conclude that each miRNA is integrated gradually into the regulatory network of an organism by forming increasing numbers of connections during long-term evolution. This process may have provided regulatory innovations such as robustness and plasticity to the network. Yet, further studies are apparently necessary to evaluate this increasing model extensively. We are currently establishing a new experimental method, in which we do not need any bioinformatics predictions to identify all miRNA-target pairs in tissues. Hopefully, we can publish the method in the near future. This type of studies must provide significant insights into not only the evolution of miRNA-target pairs, but also the mechanism by which the miRNA-based gene regulatory network has evolved.

Supplementary Material
======================

[Supplementary figs. S1--S5 and tables S1--S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw092/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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[^1]: Data deposition: This project has been deposited at DDBJ Sequence Read Archive (DRA) under the accession DRA001729 and DRA002241

[^2]: N[ote]{.smallcaps}.---To narrow down the candidate target genes, miRanda software was used with the default settings.

[^3]: The number of target genes that were regulated by the miRNA at only one of the developmental stages examined.

[^4]: The number of target genes that were regulated by the miRNA in only one of the sexes.

[^5]: The number of target genes that were regulated by the miRNA at only one developmental stage in one sex.
